Muscle glycogen storage at rest is a critical factor for maintaining physical performance during endurance exercise (1) . Therefore, it is important to understand the mechanism underlying increased muscle glycogen storage at rest.
Lactate plays a key role in the regulation of glycogen synthesis in the muscles and liver at rest and after exercise. Classically, lactate was believed to be a precursor to hepatic gluconeogenesis only (Cori cycle), being converted to glucose that is directly transformed to glycogen in the liver and muscles. However, it was found that glycogen conversion from glucose also occurs through an indirect pathway via 3-carbon intermediates (e.g., lactate and amino acids) (2) . Although skeletal muscle had not been considered to be a gluconeogenic organ, studies have demonstrated that muscles have the capacity to synthesize glycogen from lactate (3) (4) (5) (6) . To synthesize glycogen from lactate, lactate must be changed to pyruvate and then phosphoenolpyruvate (PEP). There are two potential pathways for the conversion of pyruvate into PEP. One is the pathway by which pyruvate is directly converted into PEP. This pathway of reverse flux through pyruvate kinase is supported by previous studies (7, 8) . The other is the pathway by which lactate is converted into oxaloacetate by pyruvate carboxylase and then oxaloacetate is converted into PEP by PEP carboxylase (PEPCK). Pyruvate carboxylase and PEPCK do exist in skeletal muscle though their activities are considered to be very low (9, 10) . After that, glycogen is synthesized from glucose-6-phosphate (G6P) converted via the general gluconeogenesis pathway. In fact, recovery from glycogen depletion in rat muscle after exercise was accelerated with lactate infusion (4, 5, 11) . Although these results showed that lactate administration caused an acute increase in glycogen synthesis, it remains unknown whether chronic lactate supplementation accompanied with exercise can increase muscle and liver glycogen concentrations.
Lactate is primarily an energy fuel that is oxidized during exercise (12) . Therefore, if lactate were supplemented before or during exercise, it would be oxidized for energy demands. In contrast, if supplemented after exercise, the rate of substrate oxidation decreases as the rate of glycogen resynthesis increases in skeletal muscle; therefore, lactate can be converted to glycogen, thereby stimulating glycogen synthesis after exercise. Indeed, Pagano et al. reported that maintaining blood lactate Summary Lactate is oxidized as an energy fuel during exercise, and it also plays a key role in the regulation of glycogen synthesis in the muscles and liver after exercise. Previous studies have suggested that lactate is converted to glycogen and stimulates glycogen synthesis. However, it remains unclear whether chronic post-exercise lactate administration can increase glycogen storage in skeletal muscle. We examined whether 3 wk of chronic post-exercise lactate administration with training can increase muscle glycogen storage and whether such changes are associated with monocarboxylate transporter 1 (MCT1) protein expression in mice. Mice were assigned to receive saline with training (SA1T group; n56) or lactate with training (LA1T group; n56). All mice performed 40 min of treadmill running at 25 m/min, following which they received saline or lactate (2.5 mg/g body weight), 6 d/wk for 3 wk. After 3 wk, glycogen concentration at rest was higher in the white tibialis anterior (TA; p,0.05, 134%), but not in the red TA, in the LA1T group. Protein expression of MCT1, the primary lactate transporter, was increased with chronic post-exercise lactate administration in the white TA (p,0.05, 132%), but not in the red TA. MCT1 protein expression was significantly correlated with muscle glycogen concentration in the red and white TA in both groups (p,0.05, r50.969). These results suggest that chronic lactate administration after exercise increases MCT1 protein expression, which can be involved in the regulation of the observed increase in muscle glycogen storage after exercise training. Key Words skeletal muscle, glycogen, lactate supplementation, monocarboxylate transporter 1 concentrations by lactate perfusion activated glycogen synthase activity in hind limb muscles (13) . Therefore, it is possible that maintaining high blood lactate concentrations by post-exercise lactate supplementation can effectively increase muscle glycogen concentration. However, it is unknown if chronic post-exercise lactate supplementation with training can increase muscle glycogen storage.
Glucose transporter 4 (GLUT4) protein expression is one of the main regulators of muscle glycogen storage at rest (14) because glucose uptake into muscle is a limiting step (15) . Despite the fact that lactate is also a source for glycogen, it remains unknown whether lactate transporter [monocarboxylate transporter (MCT)] protein expression affects glycogen replenishment in skeletal muscle. MCT facilitates lactate transport across the plasma membrane. Endurance exercise training increases MCT1 expression, which facilitates lactate uptake into muscle cells (16) . Endurance training also increases muscle glycogen concentration, but it remains unknown whether increases in MCT1 protein expression are associated with glycogen concentration after training.
We hypothesized that chronic post-exercise lactate administration with training increases muscle glycogen concentration at rest compared with the same training without lactate administration. Furthermore, we expected that these changes in muscle glycogen would be associated with changes in MCT1 protein expression. Therefore, we examined whether post-exercise lactate administration with 3 wk of training increased glycogen storage and MCT1 protein expression. We also examined other transporter proteins such as GLUT4 and fatty acid translocase (FAT)/CD36, which is a major fatty acid transporter, because high lactate concentrations may affect the expression of other transporter proteins (17) .
MATERIALS AND METHODS

Animals.
Male ICR mice (7 wk of age) were used in this study. The mice were housed in a climate-controlled room with a 12:12 h light-dark cycle. The animals were provided with standard chow and water ad libitum during the experimental period. All experimental treatments were approved by The University of Tokyo Committee on Animal Care.
Experimental design. Acute lactate administration after a bout of exercise. Mice were assigned to a saline (n56) or a lactate administration group (n56). All mice performed a bout of exercise that was 60 min of treadmill running at 20 m/ min. Immediately after the exercise, saline (same volume of lactate administration) or sodium lactate (2.5 mg/g body weight) was orally administered to the respective groups. To check the effects of acute lactate administration after exercise, we measured lactate concentration for 120 min after exercise using a lactate meter (Lactate Pro; Arkray, Kyoto, Japan).
Chronic post-exercise lactate administration. Mice were assigned to one of two groups: saline administration with training (SA1T, n56) or lactate administration with training (LA1T, n56). All mice performed 40 min of treadmill running at 25 m/min, 6 d per week for 3 wk. All training sessions were performed between 9:00 a.m. and 12:00 noon. Immediately after each training bout, saline or sodium lactate (2.5 mg/g body weight) was orally administered to the respective groups. The amount of food intake was measured daily during the 3-wk observation period. Tissues were harvested 48 h after the last training bout. The tissues were rapidly frozen in liquid nitrogen and stored at 280˚C until further analysis.
Muscle and liver glycogen concentrations. Muscle and liver glycogen concentrations were measured using the phenol-sulfuric acid method (18) . Briefly, 300 mL of 30% KOH saturated with Na2SO4 was added to the muscle samples to dissolve the muscle completely. The homogeneous solutions were mixed with 360 mL of 95% ethanol and placed on ice for 30 min. The solutions were centrifuged at 840 3g for 30 min, and the supernatant was removed. The pellet (glycogen precipitate) was resuspended in 600 mL of distilled water. Then, 200 mL of the sample was combined with 100 mL of phenol and 96-98% H2SO4 and incubated for 10 min before reading the absorbance on a spectrometer at 490 nm.
Protein isolation and Western blotting. Red and white tibialis anterior (TA) muscle samples were homogenized as previously described (19, 20) using lysis buffer (1% Triton X-100, 50 mm Tris-HCl, 1 mm EDTA, 1 mm EGTA, 50 mm sodium fluoride, 10 mm sodium beta-glycerol phosphate, 5 mm sodium pyrophosphate, and 2 mm dithiothreitol, pH 7.5) containing 10 mg/mL of pepstatin A, aprotinin, and leupeptin; 1 mm of Na orthovanadate, and 0.177 mg/mL of phenylmethylsulfonyl fluoride. Protein concentrations were measured by the Bradford method. Ten micrograms of whole-muscle protein was loaded in each lane. Whole-muscle proteins were separated using standard sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) procedures (7.5% to 12% polyacrylamide gels) and transferred to a polyvinylidene difluoride (PVDF) membrane. Membranes were blocked with 7.5% bovine serum albumin for 1 h and incubated overnight with antibodies specific for monocarboxylate transporter 1 (MCT1; Qiagen, Tokyo, Japan), glucose transporter 4 (GLUT4; Millipore, Temecula, CA), and fatty acid translocase/CD36 (FAT/ CD36; Abcam, Cambridge, MA) at 4˚C. Membranes were then incubated for 1 h at room temperature with secondary antibodies. The blots were quantified using a scanner (Chemidoc TM ; Bio-Rad, Hercules, CA) with appropriate software (Quantity One ® 1-D Analysis Software; Bio-Rad). For Western blots, equal protein quantities were loaded and verified using glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Abcam) protein content. MCT1, GLUT4 and FAT/CD36 protein expressions were normalized by GAPDH protein content.
Statistical analysis. All data are presented as means6standard errors. Statistical significance was determined using an unpaired, two-tailed, Student's t-test. Two-way repeated-measures analysis of variance (ANOVA) was used to analyze differences in blood lactate concentration (time3groups) and body weight (days3 groups). When appropriate, post-hoc comparisons were performed using the Tukey's multiple comparisons test. Statistical significance was defined as p,0.05.
RESULTS
First, we orally administered lactate (2.5 mg/g body weight) in mice after a single bout of exercise and then measured blood lactate concentrations for 120 min. We confirmed that post-exercise lactate administration elevated blood lactate concentrations for 120 min after exercise (p,0.05, Fig. 1 ). We next examined the effects of chronic post-exercise lactate administration with 3 wk of training on glycogen stores and substrate transporters. To examine the effects of 3-wk chronic lactate administration on basal condition, we measured body weight, epididymal fat weight and daily food intake in each mouse. Body weights were lower in the LA1T group than in the SA1T group on days 20-22 (p,0.05, Fig. 2A ). Epididymal fat weight per gram of body weight tended to be lower in the LA1T group than in the SA1T group after 3 wk (217%, p50.07, Fig. 2B ). The amount of daily food intake was not significantly different between the two groups during the training period (Fig.  2C) . We next examined the effects of lactate administration on TA and liver glycogen concentrations. Glycogen concentration in the white TA was higher in the LA1T group than in the SA1T group (134%, p,0.05, Fig.  3A) ; however, there was no difference in red TA glycogen concentration between groups (Fig. 3A) . Liver glycogen was higher in the LA1T group than in the SA1T group (161%, p50.05, Fig. 3B ). To examine the effects of lactate administration on substrate transporters, we determined the specific transporter protein expression in red and white TA. MCT1 protein expression increased with lactate administration in the white TA (132%, p,0.05), but not in the red TA (Fig. 4A) . GLUT4, FAT/ CD36, and GAPDH protein levels were not altered in the red or white TA following chronic lactate administration 
DISCUSSION
We examined the effects of chronic post-exercise lactate administration on glycogen storage and substrate transporter protein expression. Three weeks of chronic post-exercise lactate administration with exercise training increased glycogen concentration and MCT1 protein expression in the white TA compared with training alone. These results indicate that the increased glycogen storage induced by chronic post-exercise lactate supplementation with exercise training is likely to be mediated partly by an increase in MCT1 protein expression.
Three weeks of chronic post-exercise lactate administration with training increased the glycogen concentration in white muscle and liver, but not in red muscle. These results suggest that post-exercise lactate admin- istration is a useful method to increase glycogen concentration in white muscle and liver. Consistent with the results of our study, previous studies suggest that gluconeogenesis from 3-carbon intermediates (e.g., lactate and amino acids), as well as glucose, also contributes to muscle glycogen synthesis after exercise (3, 4, 11) . Other studies have reported that exogenous lactate is converted to muscle glycogen via gluconeogenesis in perfused rats (4, 5, 11) and that the conversion is greater in white muscle (3, 4) . McLane and Holloszy reported that 8.5 mm of glucose with 12 mm of lactate perfusion increased glycogen concentration in white muscle (plantaris) compared with only lactate infusion (4). Meanwhile, the liver has greater capacity for indirect synthesis of glycogen from glucose via 3-carbon intermediates (2, 21) . Zhang and Radziuk found that glucose with lactate infusion into the liver increased hepatic glycogen synthesis compared with the condition of infused glucose without lactate (21) . In our study, the increased white TA and liver glycogen concentrations subsequent to lactate administration can be explained by cumulative stimulation of glycogen synthesis after exercise during the 3-wk training period. Post-exercise intake of carbohydrates accelerates muscle glycogen recovery (22) , and GLUT4 protein expression and glucose uptake are limiting factors for glycogen recovery after training (14, 15) . However, the present study suggests that gluconeogenesis from lactate as well as glucose can stimulate glycogen synthesis after an exercise bout.
One of the potential reasons why glycogen increases in white TA and liver but not in red TA is considered to be that the extent of depletion in glycogen by exercise is smaller in red TA than the other tissues because red muscle has high mitochondrial content and a low glycogenolysis rate during exercise. In contrast to red TA, glycogen concentration in white TA is regarded as having decreased largely after exercise. Muscle glycogen reduction itself by exercise is associated with muscle metabolic adaptation after exercise training (23) . For example, mitochondrial adaptation occurred in white TA (superficial and middle region of TA in the study) but not in red TA (deep region of TA) after 4 wk of wheel running exercise (24) . These results including the present study suggest that, in red muscles, glycogen degradation during endurance exercise such as wheel and treadmill running at low speed was not sufficient to induce muscle metabolic adaptation, namely increases in mitochondrial content and glycogen concentration. In liver, glycogen also decreased in rodents at the early phase of exercise for the maintenance of the concentration of plasma blood glucose (25) . Indeed, we confirmed the reduction in glycogen concentration in liver and red TA after 60 min of treadmill running at 20 m/ min under overnight fasted condition in the preliminary experiment. Previous studies suggest that sufficient glycogen depletion and high plasma lactate concentration are important to increase the contribution of lactate for glycogen synthesis (3, 6) . Collectively, it is considered that the increase in glycogen concentrations in white TA and liver is associated with an elevation in the contribution of lactate for glyconeogenesis in these tissues.
Lactate is not only a precursor to gluconeogenesis in muscles and liver but also an oxidizable substrate in skeletal muscle, even after exercise (26) . Red muscle has more mitochondrial content than white muscle, indicating a higher oxidative capacity of lactate (27) . The observation that glycogen stores were increased only in white muscle is justified because red muscle has higher oxidative capacity (27) while white muscle has a higher capacity for gluconeogenesis from 3-carbon intermediates (3, 4) . Therefore, in red muscle, much of the lactate may be oxidized, rather than being converted to glucose and glycogen, after exercise.
To date, supplementations of glucose and/or a highcarbohydrate diet have been used to increase muscle glycogen concentration (28) . The result of this study proposed that lactate administration is also an ergogenic aid for glycogen loading as well as glucose supplementation. However, there is no study comparing the effects of glucose or lactate administration on training adaptation. We need to clarify this issue in future studies. On the other hand, daily high-carbohydrate intake induced the increase of glucose availability and exogenous carbohydrate oxidation rate during exercise (29) though changes in GLUT4 protein expression and some metabolic adaptations did not occur (29, 30) . In the present study, the close relationship between MCT1 protein expressions and glycogen concentrations suggests an increase in availability of lactate for glycogen synthesis in skeletal muscles. Thus, lactate administration may lead to improved lactate availability and oxidative capacity in skeletal muscles with a concomitant increase in muscle glycogen concentration at rest.
Concurrent to the increase in glycogen concentration, MCT1 protein expression also increased in white muscle after chronic lactate administration with training. Our results demonstrate that MCT1 protein expression was significantly correlated with muscle glycogen concentration in the red and white TA in each group. This close relationship suggests that MCT1, which facili- tates lactate uptake by muscle cells, is also important for glycogen regulation. One potential explanation for this correlation is that lactate can be converted to glycogen directly in skeletal muscle (not via conversion to glucose in the liver). Another explanation is that lactate activates glycogen synthase (GS), which is a crucial factor in glycogen concentration at rest as well as resynthesis after exercise (31). Although we did not measure GS activity in this study, Pagano et al. demonstrated that lactate infusion increased hyperglycemia-induced glycogen resynthesis in rat hindlimb muscle, which was accomplished by the activation of GS activity (13) . The study suggests that lactate can increase glycogen concentration at rest because of the elevation in GS activity. Taken together, it is likely that increases in MCT1 protein expression and lactate uptake are involved in the regulation of muscle glycogen concentration at rest after exercise training.
Mice supplemented with lactate after training exhibited higher MCT1 protein expression compared with those that underwent training with no lactate supplementation. MCT4 is also a major MCT for lactate metabolism. We did not measure the MCT4 lactate transporter because MCT4 plays a role in releasing lactate from muscle to other tissues, not uptake into muscle, and has a much higher Km value for lactate compared with MCT1 (32). Hashimoto et al. reported that lactate can be a signal to increase MCT1 and mitochondrial protein expression, but not MCT4 (33) . In our study, post-exercise lactate administration increased the blood lactate concentration to approximately 5 mmol/L for 2 h. We speculate that the higher lactate concentration is the result of the increased MCT1 protein expression. On the other hand, lactate administration did not change the expression of other substrate transporters; namely GLUT4 and FAT/CD36. Infusion of several energy substrates can change substrate transporter expression because of the selection of substrate utilization (17, 34) . Lombardi et al. reported that hyperlactatemia for 24 h decreases GLUT4 mRNA and protein expression in muscle (17) . These differing results can be associated with the concentration and/or duration of lactate infusion and administration. Taken together, these findings suggest that approximately 5 mmol/L of blood lactate concentration for 2 h can increase in MCT1 protein expression but the maintenance of higher blood lactate concentration for longer intervals would be required to affect the expression of other substrate transporters.
The results of an increase in MCT1 protein expression and a decrease in fat weight (p50.07) by chronic lactate administration were associated with exercise performance. MCT1 protein contents were positively correlated with the duration of incremental all-out exercise test (35) . The LA1T group had lower body weights. This result was explained in part by lower fat weights in the LA1T group than in the SA1T group. Hashimoto et al. recently reported that lactate stimulation promoted lipolysis in 3T3-L1 adipocyte (36) . Therefore, lactate administration may be a useful method to increase MCT1 protein expressions in skeletal muscles and the fat degradation rate in adipose tissues to improve exercise performance.
CONCLUSIONS
Three weeks of chronic post-exercise lactate administration increased glycogen concentration as well as MCT1 protein expression in the white TA. These results suggest that chronic post-exercise lactate administration increases muscle glycogen storage and that increased MCT1 may be critical for increases in glycogen concentrations after exercise training.
